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Spatially and temporally defined molecular knockouts
Most monoclonal antibodies do not functionally inactivate the antigen they
recognize. This limitation can be overcome by localized chromophore-
assisted laser inactivation (CALI) of specific antibody-linked proteins.
For every ten monoclonal antibodies raised against a
specific antigen, on average only one inhibits or inacti-
vates the function of its antigen. The other nine are use-
ful only for the type of study in which simple binding of
the antibody to the antigen is sufficient - for example,
immunohistochemistry. In combination with chromo-
phore-assisted laser inactivation (CALI), however, most
antibodies can become very specific inactivating tools [1].
Developed by Daniel Jay and colleagues, CALI has in
recent years provided a means of inactivating specific
proteins during developmental processes with a high
degree of temporal and spatial resolution.
The first step in CALI is the covalent binding of a
chromophore, such as malachite green, to an antibody
using an isothiocyanate coupling reaction. Malachite
green absorbs light at a wavelength of 620 nm, at which
most cellular constituents are transparent. The second
step is irradiation with laser light, which excites the
chromophore and thus generates very reactive free radi-
cals which are then responsible for antigen inactivation.
The extremely short lifetime (10-12 seconds) of the
radicals restricts the range of inactivation to a very small
area - about 15 A in diameter - centred around the
irradiated' chromophore [2,3]. As the laser light is not
absorbed by cells, it penetrates biological tissue without
causing damage. CALI experiments can therefore be per-
formed within living embryos [4,5]. The zone of inacti-
vation can be made extremely small by focusing the laser
beam with a microscope objective to a spot of 10 jim in
diameter, in so-called micro-CALI. This permits a very
local inactivation, even within subregions of single cells
in living tissues [3,4].
An important new application of micro-CALI was pub-
lished in a recent issue of Nature by Jay and colleagues
[6]. They used micro-CALI to study molecules inside
one growth cone of a single neuron, and present con-
vincing evidence that calcineurin, a calcium-calmod-
ulin-dependent phosphatase (also known as phosphatase
2B), is involved in growth-cone steering [6]. Growth
cones, the motile ends of growing neurites, are
equipped with the remarkable ability to detect direc-
tional cues and to determine the direction of axonal
growth. The main players in these processes are the
filopodia, finger-like protrusions of growth cones that
can extend up to 50 Lm in length. In their experiments,
Chang et al. [6] used antibodies against calcineurin that
were coupled to malachite green. Local inactivation of
calcineurin with micro-CALI within the growth cone
led to the retraction of filopodia and lamellipodia inside
the irradiated area (Fig. 1). Importantly, this inactivation
influenced the direction of subsequent growth cone
movement [6]. Outside the irradiated area, filopodia,
lamellipodia and general growth cone behaviour were
unaffected. In control experiments with malachite-
green-coupled pre-immune serum, irradiation did not
affect filopodial extension or the direction of growth.
This argues against a traumatic, nonspecific effect of the
laser light. Beyond the significance of the results them-
selves, the authors have established a new paradigm for a
series of studies that might address the molecular mecha-
nisms of how growth cones move and respond to their
extracellular environment.
A previous application of micro-CALI that demonstrated
its high degree of spatial and temporal resolution also
Fig. 1. Micro-CALI of a neuronal growth
cone loaded with a malachite green-
labelled anti-calcineurin antibody. The
growth cone is shown (a) before, (b)
during, and (c) after the laser flash,
which results in a retraction of filo-
podial and lamellipodial membrane
extensions [6].
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showed the importance of cell-adhesion molecules in
the growth and guidance of 'pioneer'. axons. The
method permitted examination of the response of
advancing growth cones to local inactivation of the
homophilic adhesion molecules fasciclin I and fasciclin II
in developing grasshoppers [4]. The Til neurons of
grasshopper embryos normally extend pioneer axons
along a stereotyped path to the central nervous system
[7,8]. Micro-CALI of fasciclin I resulted in the defascic-
ulation of Til axons, with the site of defasciculation in
the embryo identical to the area of laser irradiation [4].
In contrast to fasciclin I, inactivation of fasciclin II had
no influence on axon fasciculation; instead, it prevented
axon outgrowth from the Til pioneer neurons. This
effect on axonogenesis was restricted to a very brief
2-3 hour time window; micro-CALI before or after this
interval did not disturb axon formation [4]. The fasciclin
II results show that micro-CALI can help not only in
the localization of molecular function in different tissues,
but also in determining the specific time at which a
molecule acts, by defining the period when a process is
sensitive to laser light.
A beautiful example of the temporal discrimination of
micro-CALI is provided by the set of experiments on the
elimination of stage-specific gene function by Schmucker
et al. [5]. These authors used micro-CALI to inactivate
the protein product of the segment-polarity gene patched
(ptc) in Drosophila. In early stages of development, ptc acts
in the segmentation gene cascade, and later it is expressed
in the optic lobes. Micro-CALI of the Patched protein
early in development precisely mimicked the segmenta-
tion defects caused by genetic loss of ptc function. Micro-
CALI 9 f Patched after the segmentation period, by
contrast, revealed that it is redeployed during later devel-
opment to guide cells along a specific developmental
pathway [5]. Embryos that were subject to micro-CALI
after segmentation was completed developed normal
body structure but had similar defects to those of ptc
mutants in the larval light-sensory organs [5]. These
results demonstrate that micro-CALI is not only specific:
it also makes it possible to knock out the function of a
protein in a temporally restricted fashion. In this way, the
effect of the loss of a targeted protein on the future
development of specific cell assemblies was revealed.
The studies described above show that molecular
mechanisms of embryonic development can be studied
through temporally and spatially restricted lesions induced
by micro-CALI [4,5]. This high degree of spatial and
temporal resolution is not yet possible using other tech-
niques. There is, however, one important and essential
prerequisite for micro-CALI experiments with antibodies
directed against intracellular components. The cells to be
investigated must be made permeable to monoclonal
antibodies, as was done for the micro-CALI experiments
that addressed the role of calcineurin in the growth cone
[6]. This goal may be difficult to achieve universally and,
unfortunately, there is no general recipe for making cellu-
lar membranes permeable. It should also be mentioned
that some proteins seem to be relatively resistant to the
free radicals produced by laser irradiation of the chromo-
phore malachite green [3]. Inactivation of untargeted
molecules is possible, but has not yet been observed.
In this short review, we have mentioned only a few
CALI experiments, although many more have been per-
formed successfully. The evaluation of many large-scale
CALI experiments indicates that over 90 % of the exper-
iments are successful [3]. Micro-CALI may have several
advantages over large-scale CALI. It has a higher effi-
ciency than large scale CALI [4,9], and the price of the
laser equipment is markedly lower. Furthermore, focus-
ing the damage to only a few cells within the embryo
leaves many cells undisturbed for use as internal controls.
Stimulated by the recent work of Jay and colleagues [6],
we have discussed a few cases in which CALI or micro-
CALI has helped elucidate the function in vivo of very
different molecules. We believe that there are many
potential applications of this technology, and that the
fields of molecular cell biology and developmental biol-
ogy will benefit greatly from this powerful technique in
the future.
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